The cerebral pH of four normal human sub jects has been measured using continuous inhalation of llca2 and positron emission tomography (PET). llca2 was administered to each subject at a constant rate for 15 min, during which time serial arterial plasma llC levels were determined and serial IIC cerebral uptake PET scans were performed at a fixed axial tomographic level. l1C uptake kinetics were analysed using a three-com partment model. Rate constants have been estimated for the free exchange of IIca2 between plasma and cerebral compartments for each subject, and their cerebral pH cal culated. Whole brain pH values ranged from 6.96 to 7.05,
and no significant pH difference between regions con taining predominantly grey or white matter was noted. Best fits to IIC uptake data were achieved by effectively neglecting the metabolic fixation of IIC by cerebral tissue. The purpose of this study was to test the feasibility of pH measurement using the IIca2 continuous inhalation tech nique. It is concluded from the results and the error anal ysis that continuous llca2 inhalation combined with PET is potentially a simple and useful method for determining regional cerebral pH. Key Words: Cerebral pH-Contin uous IIca2 inhalation-Positron emission tomography. by brain tissue. The ratio of exchangeable to fixed "e in the brain is increased if a continuous rather than a bolus inhalation of IIeo2 is used in pH mea surements (Siesj6 and Thompson, 1965) . Buxton and co-workers (1984) have developed a model for the measurement of cerebral pH that en ables the metabolic fixation of lie during IIeo2 in halation to be estimated. Their approach minimises lie fixation, since, first, it is not necessary to achieve IIeo2 equilibration between arterial plasma and cerebral compartments and, second, IIeo2 is administered continuously rather than as a bolus inhalation. lie uptake kinetics are described in terms of a three-compartment model, as illustrated in Fig. 1. eo2, but not Heo"} , can freely diffuse between arterial plasma and one of two cerebral compart ments. A second cerebral compartment represents metabolically fixed lie. The subject inhales "eo2 continuously while it is administered at a steady level. During IIeo2 inhalation, serial arterial plasma IIC levels are counted and serial regional cerebral l1C levels measured using PET. To estimate k l ' k2' k3' and k4' and hence regional cerebral pH, the model makes the following assumptions:
(a) CO2 dissociation is described by the Hen derson-Hasselbach relationship:
K a CO2 + H20 ;;::: :: ::= H+ + HCO") ([HCO") ])
(b) CO2 freely diffuses across the BBB, l1C02 uptake being a flow-limited phenomenon. At equi librium, arterial plasma and cerebral tissue l1C02 partial pressures are equal. There is no transport of HCO") across the BBB.
(c) l1eo2 solubility in plasma and cerebral tissue follows Henry's law; i.e., l1eo2 partial pressure is linearly dependent on IIeo2 concentration.
(d) The pKa of e02 remains 6.12 in all compart ments. Siesjo (1962) has verified these last two as sumptions for solutions of cerebral tissue homoge nates.
(e) Extra-and intracellular cerebral compart ments are not distinguished. Diffusion of IIeo2 be tween these compartments occurs far more rapidly than flow-limited transport across the BBB.
(t) lIeozlHlleo") exchange occurs far more rap idly than IIeo2 diffusion across the BBB (see Sanyal and Maren, 1981) .
Tissue lle uptake at time t , CT(t) , is then given by (Buxton et aI., 1984) :
where Ca(S) is the total arterial concentration of IIC02 (gas plus bicarbonate) at time s. I HC03 I brain L, the partition coefficient for e02 between plasma and brain, is given by
and cerebral pH (pHt) is related to arterial plasma pH (pHa) by
-1] assuming tissue and plasma e02 solubilities are equal.
The values of k l ' k2' k3 ' and k4 can be estimated by fitting the experimental arterial plasma and ce rebral lIe uptake data during continuous IIC02 in halation to the above equations using least-squares regression analysis. From values of k l ' k2' and pHa' cerebral pHt can be derived.
METHODS
U sing a cyclotron, IlC02 was prepared via bombard ment of a 14N2 gas target with a proton beam, as previ ously described (Clark and Buckingham, 1975) . A steady activity of -l3 fJ-Ci ml-I gas was administered to the sub ject at a rate of 500 ml min -I via a standard, disposable face mask. Four normal human volunteers, one female and three males ranging in age from 30 to 43 years, were studied. Arterial samples were obtained at 30-s intervals during continuous 11C02 inhalation via an indwelling 22gauge Te flon radial arterial cannula. Initially, plasma sam ples for counting were prepared by centrifuging whole blood under a layer of arachis oil. The plasma layer was separated and injected into 0. 1 N sodium hydroxide so lution. 1;1 practice, the difference in llC activity between plasma samples separated under oil and those separated under air was found to be negligible. Plasma IIC activity was consistently 15 ± 5% higher than that of arterial whole blood.
PET scans were performed using an EG&G Ortec ECAT II scanner with a full width at half maximum height 1C02 three-compartment model . brain arterial plasma IIC "free" compartment IIC "fixed" compartment spatial resolution of 1.7 cm. "C02 was continuously in haled for 15 min, during which time serial I-min "c scans were performed at an axial tomographic level 6.5 cm above the orbitomeatal line (OM + 6.5). Such a tomo graphic level contains contributions from both peripheral cortical grey matter and central white matter in the cen trum semiovale. The "C emission scans were corrected for tissue attenuation using a transmission scan at the same tomographic level obtained with a 68Ge-ring source as previously described (Frackowiak et aI., 1980) . Typi cally, final I-min "C emission scans contained �200,000 coincident events. All PET scans and plasma samples were corrected for radioactive decay back to the start of "C 02 inhalation.
Data analysis
Whole brain regions of interest for each subject were defined by placing an elliptical region of interest around the outer edge of the peripheral ring of high "C uptake evident in the final 60-s "C emission scan. The whole brain region of interest was then stored and superimposed on preceding "c emission scans, so that mean whole brain "c activity could be estimated as a function of time. Whole brain regions of interest contained �2,000 2.5 x 2.5 mm pixels.
Cortical grey matter was analysed using two 3 x 2 cm radius elliptical regions of interest containing 28 1 pixels each. These were positioned over the regions of highest peripheral grey matter "c uptake in both left and right middle cerebral artery territories of the final 60-s emission scan. The average mean "c uptake per pixel of the two regions was then taken to represent grey matter uptake. The position of the two grey matter regions of interest was stored and superimposed on preceding emission scans, so that mean grey matter "c activity could be estimated as a function of time.
A similar procedure to that described for grey matter was used to analyse mean white matter "c uptake as a function of time, except that the two regions of interest containing 28 1 pixels were positioned over the regions of minimum mean lIe activity per pixel in the centrum se miovale of each hemisphere.
Arterial plasma and cerebral "C uptake kinetics were analysed using a BLD FIXK programme supplied by R. E. Carson (Department of Nuclear Medicine, UCLA, Los Angeles, CA, U.S.A.). This programme is designed to generate calculated cerebral uptake curves from plasma uptake curves using assigned values for the four rate constants k" k2' k3' and k4 shown in the three-com partment model. Values for the rate constants are varied in a stepwise fashion using an iterative procedure until an optimum fit is obtained between the observed and cal culated cerebral "C uptake curves on the basis of least squares regression analysis. Starting values of 0.5, 1.0, 0.006, and 0.006 min -, were used for k" k2' k3, and k4' respectively, in our studies, based on calculated values for these rate constants from animal work (Siesj6 and Thompson, 1965; Buxton et aI., 1984) . Figure 2 shows a scan of regional cerebral blood flow at OM + 6.5 for a normal subject obtained 1984 FIG. 2. Positron emission tomography scans of regional ce rebral blood flow ( CBF) measured by inhalation of C'502 (left) and of ,' C uptake after llC02 inhalation (right) in a normal subject at a level of 6.5 cm above the orbitomeatal line ( OM + 6.5) .
RESULTS
using steady-state inhalation of el502 (Frackowiak et aI., 1980) . High blood flow is evident in the pe ripheral cortical grey matter. A final I-min lIe emis sion scan at OM + 6.5 obtained during continuous IIeo2 inhalation is also shown for the same subject. It can be seen that lIe activity is highest in the peripheral cortical grey matter. Figure 3 shows a series of lIe emission scans at different times for the same subject during continuous inhalation of Ileo2. Typical lle uptake data and fitted curves for arterial plasma, whole brain, and grey and white matter are illustrated in Figs. 4 and 5. lle uptake is relatively greater in plasma than in brain, as plasma is the more alkaline medium.
Ta ble 1 shows fitted k l and k2 values and calcu lated partition coefficients and cerebral pH for one of the subjects both using a series of fixed k3 and k4 values and allowing all four rate constants to vary from literature starting values. Values of k3 and k4 when fixed at 10 -5 min -I led to a fit with only a slightly lower correlation coefficient than that of the best possible fit obtained when all four rate con stants were allowed to vary freely. This was also the case for the other three subjects. Ta ble 2 shows a comparison between fits obtained by fixing k3 and k4 at 10 -5 min -I and those obtained when all four rate constants were allowed to vary freely for all four subjects. The two approaches produced little difference in the correlation coefficient of the fit for each subject. No consistent values of k3 and k4 were obtained between subjects, however, when all four rate constants were allowed to vary freely. For ex ample, in one case, a negative k4 was obtained, and pH values calculated from such fits varied from 6.44 to 7.04. In practice, the lle uptake data proved too insensitive to changes in k3 and k4 to allow these rate constants to be fitted; however, effectively ne glecting lIe fixation by assigning these rate con- raphy scans at 6.5 cm above the orbi tomeatal line ( OM + 6.5) , demon strating regional cerebral11C uptake during continuous "C02 inhalation.
stants values of 10 -5 min -I produced near-optimum fits.
Ta ble 3 details the individual values of k l ' k2' par tition coefficient (L) , and cerebral pH fitted for whole brain, and grey and white matter regions of each subject using values of 10 -5 min -I for k3 and k 4 . The means and SD are also indicated. A mean whole brain pH of 6.99 was obtained using the llC0 2 method, and no significant difference be tween the pH of grey and white matter was de tected.
To check the accuracy of the pH estimates, k3 and k 4 were fixed at 10 -5 min -1; k 1 was perturbed by fixed amounts from its optimum value; and k2 was allowed to vary freely to produce an optimum fit for each perturbed value of k l ' The results for one subject are shown in Ta ble 4. An error of 25% in k l resulted in an error of estimated pH of < 1 %. Similar results were obtained for the other three subjects.
Two uncertainties in the present study were the contribution of intravascular llC activity in cerebral regions of interest and II C fixation by arterial plasma. One of the four subjects had had regional cerebral blood volume estimated at an axial level of OM + 6.5 on a previous occasion following llCO inhalation and [IlC]methylalbumin injection (Lam mertsma et aI., 1984a) . In this case a mean cerebral blood volume of 4 ml/100 ml was found, and this value was used to correct the tissue llC uptake curves of all four subjects for intravascular llC con tributions. In addition, llC uptake curves were re fitted assuming 0.5 and 1 % rates of llC plasma fix ation per minute. Finally, the effects of correcting for intravascular llC contributions and plasma 11C fixation were combined. The effects of these var ious corrections are shown in Ta ble 5, regional ce rebral blood volume corrections resulting in a de crease in estimated cerebral pH, and correction for plasma 11C fixation resulting in an increase.
DISCUSSION
The mean value of 6.99 for whole brain pH ob tained in this study of four normal human subjects is in reasonable agreement with previously pub lished data. Te chniques for measuring the pH of nervous tissue have fallen into three main groups: distribution of weak acids or bases; microelectrode studies; and 3 1p nuclear magnetic resonance (NMR) spectroscopy (Roos and Boron, 1981) .
The majority of work in the first category has been carried out using dimethyloxazolidine-dione (DMO), a weak acid with a pKa of 6.12. The BBB is permeable to the acid form but not the anion, so the equilibrium distribution of DMO reflects the rel ative pH of blood and brain compartments. Using 1 4 C-labeled DMO, values of cerebral pH ranging from 6.69 to 7.09 have been obtained in animal studies, some authors correcting for DMO present in interstitial tissue (Syrota et aI., 1983) . The dis advantages of llC-labeled DMO as a tracer for the measurement of regional cerebral pH using PET are its relatively complex synthesis from IIC02 and the time required for it to equilibrate across the BBB (up to 60 min) (Syrota et aI., 1983) . pH measurements using microelectrodes have not been reported for human brain, as the neurones are too small to allow introduction of both a pH sensitive and a reference electrode. Values of intra- cellular pH measured for much larger squid axons using microelectrodes range from 7.0 to 7. 35 (Roos and Boron, 1981) . 3 1 pNMR spectroscopy provides a noninvasive method of measuring cerebral pH, though no results have been reported to date for human brain. The chemical shift between the 3 lP-inorganic phosphate and creatinine phosphate peaks is pH dependent, and a value of 7. 2 has been quoted for the pH of gerbil brain tissue (Thulborn et al. , 1982) .
It should be noted that the pHt measured with the "C02 technique is not the intracellular pH, but a slightly overestimated average of the pHi values in all the substructures within a resolution element of the scanner. From Roos and Boron ( 1981) and Buxton et al. (1984) :
where fi is the fractional volume of the i th substruc- ture. As a first-order approximation, one can as sume that there are only two cerebral compart ments, extracellular and intracellular, the former having an extracellular fractional volume of �20% and a pH of 7. 4. It then follows from our measured pHt value that intracellular cerebral pH would be � 6 . 77, a value lower than the intracellular pH 190 0. 5 00 10-6 } fuM \ 10-6 0.380 6.96 0.999 5 0.189 0. 4 98 10-5 10-5 0.380 6.96 0.999 5 0. 2 05 0. 5 4 7 10-4 10-4 0.37 5 6.9 5 0.9993 0.30 5 0.873 10-) 10-3 0.3 4 9 6.9 2 0.9963 0.30 4 0.91 4 10-2 10-2 0.333 6.90 0.9980 0. 2 8 5 1.1 3 10-' 10-1 0. 2 5 2 6.7 5 0.9987 L, partition coefficient for CO 2 between plasma and brain; r, correlation coefficient for the fit (see the text). values (Roos and Boron, 1981) previously obtained for squid axons and muscle fibres using microelec trodes. Before one accepts this value of 6.8 for the intra cellular pH of human brain, several possible errors should be considered. The most likely sources of error in our IIC02 study were the neglect of both the contribution of intravascular l 1 C activity to the tissue signal and the fixation of IIC in blood. These factors were not measured, as the aim of this study was simply to test the feasibility of the l 1 C02 con tinuous inhalation technique. k 3 ' k 4 fixed at 10-5 min -I. L , partition coefficient for CO2 between plasma and brain; r, correlation coefficient for the fit (see the text). In one of our subjects, regional cerebral blood volume had been measured on a previous occasion (Lammertsma et aI., 1984a) . At an axial tomo graphic level of OM + 6.5, a mean whole brain value of 4.0% was obtained for this cerebral blood volume. Refitting the data of all four subjects using this value of 4% resulted in a lowering of mean whole brain pH! from 6.99 to 6.94. Correction for l 1 C fixation in the blood is a more difficult problem, as there are few data available about this in the literature. Lockwood and Finn (1982) found 7.8% of the total activity in blood to be fixed at 4.5 min following a single breath inhalation of l 1 C02 using rats. However, after �4-5 min, they also found an �1O% fixation of IIC by cerebral tissue. In our study, where a IIC02 continuous inhalation tech nique was used, there was no evidence of appre ciable IIC fixation by the brain. It is likely, there fore, that the percentage of fixed IIC in blood is also much lower when continuous rather than single breath inhalation of IIC02 is used. Assuming a linear increase (0.5 and 1 %/min) in the fixed l 1 C fraction in blood with time, refitting the data results in a rise of pH! values from 6.99 to 7.04 and 7.09, respectively. Combining these fixation rates with cerebral blood volume of 4% results in corrected k 3 , k 4 fixed at 10-5 min -I. L , partition coefficient for CO2 between plasma and brain; r, correlation coefficient for the fit (see the text). mean cerebral pHt values of 7.00 and 7.04, respec tively.
Assuming a 20% extracellular cerebral fraction with an extracellular pH of 7.4, a measured pHt of -7.15 is required to give an intracellular pH of 7.05. Such a pHt is obtained from our results if the rate of plasma lJe fixation is assumed to be -2%!min, resulting in a fixed fraction of 30% after IS-min in halation. Such as plasma fixation rate is unlikely, though further study will be necessary to establish this point.
In theory, fitting lJe uptake data to curves gen erated by varying k J and L, rather than k l and k2' gives a more accurate L value (Buxton et aI., 1984) . Unfortunately, with the program we had available, this was not possible. Introducing deliberate 25% errors into k l values resulted in only marginal changes in both L and pH (Table 4) , and so the errors in fitted L values obtained using our proce dure are likely to be small.
-5 '-1 Increasing k 3 and k 4 values from 10 mm to the literature values of 6 x 10 -3 min -I leads to a progressive fall in fitted pHt and a progressive de terioration in the accuracy of the fit (Table 1) . Only slightly better fits than those obtained by fixing k 3 and k 4 at 10 -5 min -I result when k 3 and k 4 are al lowed to vary freely. No consistent values of k 3 and k 4 between different subjects result, however, from these best possible fits, reflecting the insensitivity of the lJe uptake data to these rate constants (Buxton et aI., 1984) . To obtain more reliable esti mates of k 3 and k 4 ' it would be necessary to follow the tissue washout curve after cessation of lJeo 2 inhalation. Such a procedure, however, would re sult in lJe fixation in blood becoming a far more serious problem.
In our analysis, tissue l 1 e uptake data were av eraged over large regions. Theoretically, the correct fitting procedure would be to fit uptake curves for individual pixels first and then to average the cal culated pixel pH values. Our adopted procedure is J Cereb Blood Flow Metabol, Vol. 4, No. 3, 1984 not likely to cause significant errors, however, as the pH values for grey and white matter are similar. In practice, the noise in individual pixel counts is too high to obtain reliable fits of pH pixel by pixel. It was not considered necessary to weight the least squares fitting procedure so as to favour final lie uptake scans, as using whole brain regions of in terest leads to a relatively small coefficient of vari ation in pixel counts even in the initial lie cerebral uptake scans (Lammertsma et aI., 1984b) .
The advantages of the lJeo 2 method are self-ev ident. The tracer is readily prepared, and measure ment of pH takes 30 min total. From the data shown, lie fixation does not appear to be a problem within the IS min of IIeo2 administration. Using fixed values of 10 -5 min -I for the rate constants k 3 and k 4 ' good agreement resulted between the fitted values of k l and k2' and hence the calculated pH, for the four subjects. This lJeo 2 method does, how ever, require an on-line gas supply to the PET scanner from the cyclotron. We conclude that con tinuous lJeo 2 inhalation is potentially a simple and useful way of measuring regional cerebral pH when combined with PET. The major source of uncer tainty, the rate of lie fixation by plasma, will, how ever, require further analysis. Measurement of pH using lJeo 2 is only valid where the BBB remains intact, as BBB disruption will lead to an influx of HlJeO'3 into cerebral tissue. Values for such tissue pH when estimated using Buxton's model could be erroneously high unless a correction for extracel lular WleO'3 leakage is made.
